Sex determination in the order Hymenoptera is based on haplodiploid arrhenotoky; in which males develop from unfertilized eggs and are haploid, whereas females develop from fertilized eggs and are diploid. However, some hymenopteran species produce diploid males through a mechanism known as single-locus complementary sex determination (sl-CSD). In these species, heterozygous individuals at a single sex locus develop into females, whereas hemizygotes (haploids) and homozygotes (diploids) develop into males. Inbreeding leads to homozygosity and consequent production of diploid males. We investigated the presence of sl-CSD in the braconid Cotesia flavipes using a series of inbreeding crosses among five isofemale lines. Sex ratio (proportion of females) did not differ among the within-line crosses, between-line crosses and crosses carried out between isofemale lines and a mixed (outbred) colony. Brood size of within-line and between-line crosses did not differ. Culturing populations for 25 generations did not result in changes to more male-biased sex ratios. We conclude that CSD does not exist in C. flavipes. The implications of absence of CSD in C. flavipes are discussed in context of mass rearing for classical biological control programmes.
INTRODUCTION
In Hymenoptera males are generally produced from unfertilized haploid eggs, whereas females arise from fertilized (diploid) eggs. However two variants of sex determination are known within the Hymenoptera. The apparent ancestral type of sex determination called complementary sex determination (CSD) in which unfertilized eggs always become males, whereas fertilized eggs can become either male or female depending on whether the diploid individual is homozygous or heterozygous at the sex locus (Whiting, 1943) . Homozygous diploid individuals become diploid males and heterozygous diploid individuals become females. In the apparent derived sex determination system, fertilized diploid eggs always become females and males only arise from unfertilized haploid eggs (Skinner and Werren, 1980; Stouthamer and Kazmer, 1994) . How these two systems are related and the exact molecular pathways involved in the sex determination within these two systems are as yet unknown. Recently the gene involved in the CSD of the honeybee has been identified (Beye et al., 2003) , and this breakthrough will most likely result in the unraveling of the exact sex determination mechanism in this species.
So far sl-CSD has been identified in more than 40 species within four superfamilies of Hymenoptera: sawflies (Tenthredinoidea), parasitoid wasps (Ichneumonoidea), ants and wasps (Vespoidea), bees (Apoidea) Cook 1993a , Periquet et al., 1993 Cook and Crozier, 1995; Heimpel et al., 1999; Butcher et al., 2000 , Beukeboom, 2001 Zayed and Packer, 2001 ). This widespread occurrence of sl-CSD in species belonging to major superfamilies of Hymenoptera suggests that CSD is likely to be the ancestral means of sex determination in Hymenoptera (Schmieder and Whiting, 1947; Crozier, 1977; Cook, 1993a) . Within the Ichneumonoidea sl-CSD has been found in many species but recently is was shown to be not present in two braconid wasps: Asobara tabida and Alysia manducator (Beukeboom et al., 2000) . Therefore, within this superfamily two different sex determination systems are found. In most cases, diploid males are inviable, sterile or produce sterile (triploid) daughters, and as a consequence the deleterious effects of inbreeding under sl-CSD are severe Cook, 1993a; Cook and Crozier, 1995; Antolin et al., 2003) . In some cases, diploid males were reported to produce viable progeny in Athalia rosae (Naito and Suzuki, 1991) , Diadromus pulchellus (Agoze et al., 1994) and Bracon sp. near hebetor (Holloway et al., 1999) . The number of sex alleles estimated in populations that do exhibit CSD is typically 10-100 (Cook and Crozier, 1995; Heimpel et al., 1999; Antolin et al., 2003; Fujiwara et al., 2004) .
CSD has been ruled out in other hymenopteran species in which prolonged inbreeding does not lead to diploid male production such as in Muscidifurax raptor (Pteromalidae) (Fabritius, 1984) , M. zaraptor (Pteromalidae) (Legner, 1979) , Melittobia sp. 'c' (Eulophidae) (Schmieder and Whiting, 1947) and Nasonia vitripennis (Pteromalidae) (Skinner and Werren, 1980) . All these species belong to the superfamily Chalcidoidea in which sib mating is prevalent. Inbreeding did not lead to diploid male production in the bethylid Goniozus nephantidis in superfamily Chrysidoidea and single-and multilocus-CSD have been ruled out (Cook, 1993b) . In addition, Stouthamer and Kazmer (1994) provided evidence for the absence of any form of complementary sex determination in the genus Trichogramma. In these thelytokous wasps, gamete duplication leads to complete homozygosity which would lead to all-male production under sl-CSD instead of all-female offspring.
Therefore, the current phylogenetic distribution of CSD is not exactly defined and there is need for more species to be tested for a better understanding of sex determination mechanisms in Hymenoptera. The Braconidae in particular are interesting because both sex determination systems appear to be present in this family.
It has been suggested that sl-CSD is unlikely to operate in inbreeding species as it would lead to production of a large number of diploid males (Whiting, 1945; Crozier, 1971; Bull, 1981) . In cases where diploid males mate, a strong male-biased sex ratio would be generated, resulting in decreased population growth, with consequent potential for extinction of the population . To allow for some form of CSD in inbreeding species Crozier (1971) proposed a multilocus-complementary sex determination (multilocus-CSD) model in which individuals that are heterozygous for one or more of these loci become females while males are hemizygous or homozygous at all loci. Under this model, sl-CSD would be a special form of multilocus-CSD in which all but one of the loci are monomorphic. Because a diploid individual must be homozygous at several loci to develop as a male, several generations of inbreeding may be required to cause appreciable diploid male production. Crozier (1977) hypothesized that under multilocus-CSD diploid males might remain rare in inbreeding family lines as occasional outcrosses restored heterozygosity. Multilocus-CSD has yet to be demonstrated in any species (Crozier, 1977; Cook, 1993a; Luck et al., 1992) . In those species that were specifically tested to determine if multilocus-CSD applied no evidence to support this hypothesis was found. Cook tested the multilocus-CSD model in the bethylid Goniozus nephantidis by conducting inbreeding experiments for 22 generations. This did not lead to diploid male production and with this result he concluded that sl-CSD and multilocus-CSD were absent in G. nephantidis (Cook, 1993b) . Multilocus-CSD is also absent in species that undergo gamete duplication such as Muscidifurax uniraptor (Legner, 1985) ; Diplolepsis rosae (Stille and Davring, 1980) and in several Trichogramma species (Stouthamer and Kazmer, 1994) .
The presence of CSD in a species may have important consequences for its use in biological control. Precautions need to be taken to avoid losing sex alleles in mass rearing. A reduction in the number of sex alleles present in the population may lead to a reduction in population growth rate and the failure of biological control . Controlled inbred crosses are typically used to detect sl-CSD (Whiting, 1943; Crozier, 1971; Cook 1993b; Butcher et al., 2000; Noda, 2000; Beukeboom, 2001) . Under sl-CSD models, welldefined proportions of diploid males are expected following crosses between relatives. In mother-son crosses, the mother mates with a son that carries one of her sex alleles, so 50% of fertilized eggs will be diploid males. In brother-sister crosses, 50% of the crosses will be matched (two-allelic) and yield diploid males. The other half will be unmatched (three allelic) and yield no diploid males.
Cotesia flavipes is a gregarious endoparasitoid of the larvae of noctuid and crambid stemborers. It attacks medium and large-sized stemborer larvae (Smith et al., 1993; Ngi-Song et al., 1995) . C. flavipes is a native to the Indo-Australian region but has been widely introduced in more than 40 countries in the tropics and subtropics for biological control of lepidopteran stemborers in maize, sorghum and sugarcane (Polaszek and Walker, 1991) . It has recently been introduced into Africa for biological control of Chilo partellus (Overholt, 1993) . C. flavipes is pro-ovigenic and has about 150 eggs available for oviposition with each female laying a brood of 20-25% of the available egg load (Potting et al., 1997) . Due to haplodiploidy, unmated females produce male offspring only. C. flavipes has been found to exhibit a high level of sib mating immediately after emergence from the stemborer tunnel (Arakaki and Gahana, 1986) . Such mating behavior suggests that inbreeding occurs regularly in this species.
In an earlier study (Niyibigira et al., 2004) , we used field brood sex ratios to find evidence for the occurrence of CSD in this species. Our results showed that sl-CSD with survival of diploid males was unlikely in this species, however we could not exclude the possibility of sl-CSD with diploid male mortality. Here we investigate the presence of sl-CSD in C. flavipes by conducting brother-sister crosses. The observed sex ratios and brood sizes of these inbred crosses were compared with those from outbred crosses, if sl-CSD is the sex determination system in this species we expect that the sex ratios in the inbred crosses are more male-biased and if the diploid males have a higher mortality then the brood sizes should be smaller as well. Furthermore, changes in sex ratio were monitored in laboratory cultures of isofemale lines and a mixed colony (under mass rearing) for at least 25 generations to determine if a more male biased sex ratio would arise possibly as a consequence of the loss of sex alleles in the rearing. None of these tests revealed any evidence for diploid male production in C. flavipes.
MATERIALS AND METHODS
Insects. Cotesia flavipes strains originated from field material collected from Karnataka, Andra Pradesh and Mahrastra states in India between 11 December 1998 and 2 January 1999. It was assumed that the field-collected larvae were each parasitized by a single female wasp suggesting that one female was the founder of each isofemale line. The isofemale lines were named according to the order of collection and collection state. For our experiments we used lines Mah2, Mah20, Karn6, Karn8 and Karn16. These lines were founded from cocoons collected from different locations between 20-160 km apart, suggesting that they may have carried different alleles at sex locus. A mixed colony formed by hybridization of 26 isofemale lines was used in control crosses. Cultures of isofemale lines and the mixed colony were maintained under similar conditions in the laboratory. C. flavipes was reared on fourth instar larvae of Chilo partellus using the "hand-stinging" method described in Overholt et al. (1994) . C. partellus larvae were maintained on artificial diet (Ochieng et al., 1985) at 25Ϯ2°C, 70-80% RH and 12:12 (L:D) h photoperiod.
Detection of diploid males. Diploid males can be detected by crossing sons and daughters of one mother i.e. brothers and sisters. In brother-sister matings, such crosses can be matched (shared allele) or unmatched (no shared allele), depending on whether the brothers inherited the same or different allele as their sisters (Fig. 1) . If both share an allele, half of the diploid offspring are homozygous and male, but if they carry different alleles 100% of diploid eggs are heterozygous and female. Because half of the brother-sister matings will by chance be matched and half are unmatched, on average 25% of the fertilized eggs are expected to become diploid males in such crosses. This should be manifested through an increase in the proportion of male offspring in within-line (inbred) crosses. However, because diploid males may be inviable, we also compared the brood sizes of within-line (inbred) crosses with those from between-line and control crosses. In these comparisons we only compared crossed that shared a common mother line.
Crosses. Three types of crosses were made: (i) Within-line crosses whereby males were mated with females from the same line i.e. brother-sister mating; (ii) Between-line crosses. In this case, males of one isofemale line were mated with females from a different line. Reciprocal crosses were performed as well. Thus, if two isofemale lines do not share a sex allele (unmatched), the progeny of their crosses are not expected to contain diploid males. (iii) Control crosses: Here, males from isofemale lines were mated with females from the mixed (outbred) colony and, females from the isofemales lines were mated with males from the mixed colony. Crosses were conducted in 20 replicates.
Crosses were initiated by isolating individual cocoons that were about to emerge (in black stage) one day before the expected date of emergence. Single-pair matings were done immediately after adult emergence in glass vials containing a strip of cotton wool saturated with a 20% sugar-water solution as a food source. The wasps were allowed to mate at 25°C for 24 h. Mated females were then individually offered two fourth-instar C. partellus larvae (one in the morning and another in the afternoon) for oviposition until they died. We used a standard host size in these experiments because C. flavipes lays more eggs in medium-and large-larvae (Ngi-Song et al., 1995) . Parasitized larvae were reared on artificial diet (Ochieng et al., 1985) at 25Ϯ2°C, 70-80% RH and 12:12 (L:D) h photoperiod until cocoon formation, a process which took 12-15 days. Cocoon masses were collected in glass vials (2.5 cmϫ7.0 cm) and placed in an incubator at 25°C for adult emergence. Adult male and female offspring were counted and the brood size (total number of offspring) and sex ratio (proportion of females) in each cross determined. We tested for the existence of sl-CSD in C. flavipes by comparing brood size and sex ratio of inbred crosses with those of crosses in which females used were taken from the same line as inbred cross. Brood sizes and sex ratios were compared among crosses using a General Linear Model of ANOVA (PROC GLM, SAS Institute, 1999 -2000 . The significance of the means was determined using the Student-Newman-Keuls Test (SNK) when ANOVAs were significant (pϽ0.05). Sex ratios were arcsine transformed before analysis. Crosses that resulted in all-male broods were excluded from the analysis because their mothers were considered to be unmated (virgin).
Monitoring sex ratio changes in laboratory cultures. Samples of dead wasps were randomly taken from laboratory cultures of isofemale lines 720 E. I. NIYIBIGIRA et al. Fig. 1 . The procedure of cross experiments to detect diploid males in C. flavipes. Diploid heterozygous females are mated with their hemizygous brothers. Two of these crosses are matched (two-allelic) and result in 50% diploid homozygous males among fertilized eggs, whereas the other two combinations are unmatched (three-allelic) and do not result in diploid males. For clarity, only one of the two possible outcomes in matched and unmatched crosses are shown above. On average, 25% of fertilized eggs are expected to become diploid males in brother-sister crosses, assuming a 50% fertilization rate. and mixed colony in each generation. Individuals from each sample were sexed, counted and the sex ratio (proportion of females) was determined. This procedure was conducted for 25 generations for all colonies except Karn16 which was monitored from the 20th to the 25th generation. We compared sex ratio of mixed colony with isofemale lines using a G-test of independence with a William's correction (Sokal and Rohlf, 1995) . The relationship between sex ratio and time in culture was determined using PROC REG (SAS Institute, 1999 -2000 .
RESULTS

Brood size and sex ratio in crosses
Of the total crosses, 20% (18 females from within-line, 79 between-line and 23 control) of the crosses produced all-male broods. These females were considered to be unmated and consequently data from these crosses were discarded from the analysis. In addition, 23.8% females produced no offspring because their hosts died or pupated before cocoons formed. Fϭ5.13, dfϭ5, pϭ0.0004; Karn6: Fϭ1.40, dfϭ5, pϭ0.2386; Karn8: Fϭ0.76, dfϭ5, pϭ0.5847; Karn16: Fϭ1.26, dfϭ5, pϭ0.2891; Mah20: Fϭ3.49, dfϭ5, pϭ0.0076 . For sex ratio of crosses with females taken from line Mah2: Fϭ1.74, dfϭ5, pϭ0.1355; Karn6: Fϭ3.50, dfϭ5, pϭ0.0079; Karn8: Fϭ0.84, dfϭ5, pϭ0.5414; Karn16: Fϭ3.49, dfϭ5, pϭ0.0070; Mah20: Fϭ3.45, dfϭ5, pϭ0 .0081. Table 1 shows the brood size and sex ratio of all the different crosses. In crosses in which females were taken from Mah2, brood size was significantly different among the crosses (Fϭ5.13, dfϭ5, pϭ0.0004) but sex ratio did not differ (Fϭ1.74, dfϭ5, pϭ0.1355) . This was the reverse among crosses in which females originated from Karn6: brood size did not differ among the crosses (Fϭ1.40, dfϭ5, pϭ0 .2386) while sex ratio was significantly different (Fϭ3.50, dfϭ5, pϭ0.0079) . However, for crosses in which females were taken from Karn8, there were no differences in both brood size (Fϭ0.76, dfϭ5, pϭ0.5847) and sex ratio (Fϭ0.84, dfϭ5, pϭ0.5414) . Brood size in crosses that involved females from Karn16 were not different (Fϭ1.26, dfϭ5, pϭ0.2891) while the differences in sex ratio were significant (Fϭ3.49, dfϭ5, pϭ0.0070). In contrast, crosses that involved females from Mah20 were significantly different in brood size (Fϭ3.49, dfϭ5, pϭ0.0076) and sex ratio (Fϭ3.45, dfϭ5, pϭ0.0081). If diploid male production would take place we would expect the sex ratio of the within line crosses to be lower than the sex ratios of the between line crosses, this is not the case if we inspect the individual sex ratios (Table 1) . If diploid males are produced and die we would expect the brood sizes of the within-line crosses to be lower than those of the between-line crosses, this is not the case either. In all crosses the brood size of the within-line is not significantly different from the brood size of the between line crosses. Only in the cross Mah2ϫMah2 is the brood size of the within line cross significantly smaller than the brood size of one of the between line crosses, but it does not differ significantly from the other between line crosses. Among the cross types, brood sizes in within-line crosses, between-line crosses and control crosses were significantly different (Fϭ12.30, dfϭ2, pϽ0.0001) but sex ratio did not differ (Fϭ1.88, dfϭ2, pϭ0.154) and was female-biased (Table 2) .
Sex ratio of laboratory cultures
Sex ratio of C. flavipes from isofemale lines (pooled data) was higher than that from the mixed colony in the 25th generation of laboratory rearing (G-test; G adj ϭ36.84; pϽ0.001). Sex ratio increased i.e. became more female-biased, with number of generations in all cultures with exception of Karn6 which became less female biased with generations, however most of these regressions were not significant (Table 3) , with exception of the regressions for the Mixed culture and Mah2.
DISCUSSION
Our results showed no evidence suggesting that diploid males are produced in C. flavipes. In those species that possess sl-CSD, matched mating should result into diploid male production which is reflected in an increased proportion of males (more male-biased broods). Brood sizes and sex ratios did not differ between within-line crosses and between-line crosses, which indicates that diploid males were not produced in matched matings. Consequently neither sl-CSD with male mortality nor sl-CSD without male mortality applies to this species. In addition, we found that the sex ratio of C. flavipes in five isofemale line cultures that were maintained in the laboratory for 25 generations under inbreeding did not result in more male-biased sex ratios over time. If CSD was the mechanism of sex determination in these species this pattern would have been expected . In the rearing unit at ICIPE, several cultures of C. flavipes have been maintained under mass rearing conditions since 1992 for a biological control programme against cereal stemborers (Overholt et al., 1994) . In these cultures (some which are over 180 generations in rearing), there has not been any detectable shift in progeny sex ratios towards 722 E. I. NIYIBIGIRA et al. male-bias (Ochieng, J. O., pers. comm.) , despite the fact they undergo occasional population fluctuations particularly in between periods of field releases for biological control purposes. The results from our crosses here are consistent with those derived from the field data (Niyigibira et al., 2004) , where we fail to find any of the expected sex ratio and brood size distributions if sl-CSD applies to this species and the species C. sesamiae. Our findings here expand the number of braconid species that lack sl-CSD to three, and make it likely that the species C. sesamiae also lacks sl-CSD. Apparently the transition from CSD to a sex determination system that does not result in diploid males is relatively easy. We expect that many of the gregarious braconid species will have lost the sl-CSD mechanism. These findings have implications for classical biological control because C. flavipes has been introduced in may countries against lepidopteran stemborers attacking maize, sorghum and sugarcane. The absence of CSD in C. flavipes implies that it can be reared for several generations of inbreeding without negative consequences of male-biased sex ratios due to diploid male production. Secondly, once this parasitoid has been released in the field, sib mating does not lead to reduction in population growth through CSD, thus allowing the successful colonization of the parasitoid population and increased parasitism of the target pest.
Sex determination in species of Hymenoptera without CSD is not clearly understood. Two other models of hymenopteran sex determination have been proposed (Cook, 1993a; Cook and Crozier, 1995) : (1) Imprinting which occurs in inbreeding species that have lost CSD (Poirié et al., 1992) , and (2) the genetic balance model (da Cunha and Kerr, 1957) . The imprinting hypothesis (Poirié et al., 1992) proposes that the sex locus (X), binds an active product that is present in the egg or zygote. Females imprint the X locus so that the active product is not bound and is inactive (X I ) in unfertilized eggs, which become males. The imprint is erased during development. Males do not imprint so the locus is active (X a ) in fertilized eggs, which develop as females. In contrast to CSD, only the paternal allele would be transcribed and synthesize a product (Poirié et al., 1992) . In the genetic balance model, the sex of an offspring is determined by the effects of male-determining genes (m) and additive female-determining genes (f). In haploids, the total effect of maleness genes (1mϭM) outweighs that of femaleness genes (1fϭF), while in diploids the additivity of femaleness genes (2fϭ2F) outweighs the male effect (2mϭM). These individuals become females. The accumulation of evidence for diploid males and sl-CSD in several species contradicts the genetic balance hypothesis (Cook, 1993b) and several authors have argued that the supposedly supportive evidence from bees is open to multiple interpretations (Woyke, 1988; Cook, 1993a; Cook and Crozier, 1995) .
In conclusion, sl-CSD does not operate in the inbreeding species C. flavipes. Single-locus-CSD has been found only in outbreeding species. In the family of Braconidae, so far four out of seven sl-CSD in Cotesia flavipes 723 Mixed colony: a culture formed by hybridization of several isofemale lines which was being maintained under mass rearing conditions. b Cultures were monitored from 2nd to 25th generation (from 20th to 25th generation for Karn16). In each generation a random sample of dead wasps was taken from each culture and number of males and females in each sample were counted. All cultures were female-biased. c Yϭsex ratio expressed as the fraction of all offspring that was female, X is the number of generations in culture. d NS, not significant at pϭ0.05 level; * pϽ0.01; ** pϽ0.005; *** pϽ0.0001.
tested members namely Bracon brevicornis (Speicher and Speicher, 1940) , B. hebetor (Whiting, 1943) , B. serinope (Clark and Rubin, 1961) and Microplitis croceipes (Steiner and Teig, 1989) were shown to have sl-CSD. However, it is clearly absent in some other Braconidae as was shown here and earlier by Beukeboom et al. (2000) . Further tests should be done to determine the phylogenetic distribution of sl-CSD and to see if other outbreeding braconids have also lost CSD.
